SUMMARY. In experiments designed to achieve maximal activation, the active force/cell crosssectional area in tissues prepared from the swine carotid media was 6.7 ± 0.3 (SD) X 10 5 N/m 2 . This value exceeds that reported for other vertebrate muscle cells and is striking because of the low smooth muscle myosin content. The hypothesis that high force generation may, in part, reflect an increase in the crossbridge duty cycle, i.e., the fraction of the cycle during which force is generated, was tested by determining the rate of force redevelopment after a step shortening and the ratio of the load-bearing capacity of the contractile system to the developed stress during the course of isometric contractions. Maximal crossbridge cycling rates estimated by the rate of force redevelopment occurred 30 seconds after the onset of a high K + -induced contraction, and decreased thereafter, although the load-bearing capacity or maximum active stress was maintained. These results from isometric experiments support the hypothesis and provide further evidence that attached, noncycling crossbridges contribute to force maintenance in tonically contracting arterial smooth muscle. (Circ Res 50: 799-804, 1982) 
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Patrick F. Dillon and Richard A. Murphy From the Department of Physiology, University of Virginia, School of Medicine, Charlottesville, Virginia SUMMARY. In experiments designed to achieve maximal activation, the active force/cell crosssectional area in tissues prepared from the swine carotid media was 6.7 ± 0.3 (SD) X 10 5 N/m 2 . This value exceeds that reported for other vertebrate muscle cells and is striking because of the low smooth muscle myosin content. The hypothesis that high force generation may, in part, reflect an increase in the crossbridge duty cycle, i.e., the fraction of the cycle during which force is generated, was tested by determining the rate of force redevelopment after a step shortening and the ratio of the load-bearing capacity of the contractile system to the developed stress during the course of isometric contractions. Maximal crossbridge cycling rates estimated by the rate of force redevelopment occurred 30 seconds after the onset of a high K + -induced contraction, and decreased thereafter, although the load-bearing capacity or maximum active stress was maintained. These results from isometric experiments support the hypothesis and provide further evidence that attached, noncycling crossbridges contribute to force maintenance in tonically contracting arterial smooth muscle. (Circ Res 50: 799-804, 1982) MANY smooth muscles can develop an active stress equal to or greater than the maximum stress generated by skeletal muscle (Murphy, 1976) . This performance is striking, as smooth muscle has only about 25% of the myosin content of skeletal muscle (Cohen and Murphy, 1978) . The large forces generated by smooth muscle could have a number of explanations (Murphy, 1979) , including (1) an increased efficiency of chemomechanical transduction, (2) a filament structure placing more active sites in parallel to generate force additively, or (3) an increase in the crossbridge duty cycle, defined as the fraction of a cycle associated with force generation. A combination of these factors could be involved, although the high efficiency of skeletal muscle (Kushmerick and Davies, 1969) makes the first explanation unlikely. Unfortunately, ultrastructural data on smooth muscle provide little information concerning the second possibility . High values for the crossbridge duty cycle (3) are consistent with evidence for a high steady state economy for force maintenance in smooth muscle (Gliick and Paul, 1977; Siegman et al., 1980) . Biochemical evidence for a long-lived attached actomyosin complex in proteins isolated from smooth muscle is consistent with this possibility (Krisanda and Murphy, 1980; Marston and Taylor, 1980) .
We have previously demonstrated that isotonic shortening velocity decreases during the course of a sustained contraction in arterial smooth muscle (Dillon et al., 1982) . This decline in velocity measured after a quick-release paralleled a fall in the level of phosphorylation of the myosin 20,000 dalton light chains despite maintenance of isometric tension (Dillon et al., 1981 , Aksoy et al., 1982 . The decreased velocity was attributed to the formation of attached non-(or slowly) cycling "latchbridges," creating an internal load on the actively cycling crossbridges. Such attachments should produce a higher average duty cycle than would normally cycling crossbridges.
The possibility that a high duty cycle contributes to the force-generating capacity was examined by means of mechanical experiments on swine carotid media. This report describes evidence that (1) the force-generating capacity of arterial smooth muscle exceeds that reported for any verebrate muscle cell, smooth or striated; that (2) a greatly reduced crossbridge dissociation rate may contribute to the high force generating capacity; and that (3) the increase in such attached complexes during sustained tonic contractions reduces the rate of force redevelopment after a step shortening.
Methods

Tissue Preparation and Solutions
Carotid arteries obtained from freshly slaughtered swine weighing approximately 100 kg were placed in ice-cold physiological salt solution (PSS) during transport from the slaughterhouse and kept refrigerated prior to use. The tissue preparation consisting of a strip of media (with intima) with axially aligned smooth muscle cells (Herlihy and Murphy, 1973) was obtained by a modified procedure in which the intact media was dissected from the adventitia and the strip cut from the exposed media in the appropriate axis (illustrated in Driska et al., 1981) . This preparative modification contributes to the substantially higher stresses reported in this paper. Mechanical measurements of this tissue preparation have been shown to provide direct estimates of contractile function of the smooth muscle cells (Driska et al., 1978) .
Strips were mounted vertically between stainless steel clips attached to a micrometer (Narishige Model SM-19) and the force transducer (using fine jewelry chain or Mylar tape). These connections introduced a negligible contribution to the total system compliance. The tissues were allowed to equlibrate for 2 hours at 37°C after passive stretch to a length which produced a total force of 0.1 N. All strips exhibited the phasic rise and fall in force to a final value of less than 10 mN characteristic of a viable tissue on warming (Herlihy and Murphy, 1973) . After determination of a partial length-force curve (Herlihy and Murphy, 1973) , the tissue was set to its optimum length for force development, Lo-Active force was determined by subtracting the passive stress at that length from the total stress. The strips were stimulated by high K + or histamine and relaxed by washout with normal PSS. The millimolar composition of the PSS was: NaCl, 140.0; KC1, 4.7; Na 2 HPO 4 , 1.2; MgSO 4 , 1.2; CaCl 2 , 1.6; D-glucose, 5.6; Na 2 -ethylenediaminetetraacetic acid (EDTA), 0.02; and morpholinopropane sulfonic acid (MOPS), 2.0 (pH 7.40 at 37°C). Histamine was prepared daily from histamine dihydrochloride powder as a concentrated stock and diluted in normal PSS. K + stimulation was accomplished by substitution of 109.5 ITIM KC1 for NaCl in the PSS. NaCI was reduced to maintain isosmolarity when CaCl2 was increased. The solutions were gassed with 100% oxygen.
The MOPS buffer system was substituted for the usual HCO3~/CO2 buffer to avoid CaCO3 precipitation in experiments using elevated Ca ++ concentrations. There was no difference in the force developed in response to high K + with 1.6 mix Ca ++ in MOPS buffer (2.9 ± 0.4 SD X 10 5 N/ m 2 ) or 24 ITIM bicarbonate/5% CO 2 buffer (2.9 ± 0.3 SD X 10 5 N/m 2 , n = 12) (Dillon, 1980) . The substitution of K 2 SO 4 (Jones et al., 1973) for KC1 in high K + -PSS solutions had no effect on the mechanical properties or the sucrose spaces (unstimulated controls, 47 ± 7%; KC1, 46 ± 7%; K 2 SO 4 , 48 ± 4%; n = 8) of the tissues if the Ca ++ activities in the two solutions were matched (Dillon, 1980) . The K-salt employed, per se, had no apparent effect on this tissue. The maintenance of steady contractile force in response to KG coupled with prolonged tissue viability (more than 24 hours) establishes the usefulness of the zwitterionic buffer for these experiments.
Mechanical Measurements
Stimulus-response and force redevelopment experiments were performed using Grass FT.03 force transducers fitted with the spring set to produce an average compliance of 1 mm/N. Total system compliance resulted in a length change of less than 0.02 L o for the maximum forces attained. Output was recorded on a Grass model 7 polygraph. An electromagnetic lever system was employed in experiments where muscles were subjected to quick-stretches (Dillon et al., 1982) . The lever had a compliance of 0.5 mm/N, a natural frequency of 85 Hz, and an equivalent mass of 466 mg.
Step changes in length were imposed with an error in displacement of ± 2 fim at rates between 0.05 and 5 mm/sec. Force and length signals were displayed on a Gould 220 recorder or a Tektronix model 564B storage oscilloscope. See Dillon (1980) for a complete description of the lever system, operating characteristics, and calibration.
The maximal developed active force (F o ) at Lo for a particular stimulus was expressed as a stress in Newtons/ m 2 of tissue cross-section. Typically, strips weighing 8 mg and 0.01 m long produced forces of about 250 mN. Crosssectional area (m 2 ) was calculated by dividing the muscle weight (kg) by the product of its specific gravity (1.05 X 10 3 kg/m 3 ) and L o (m). Since the calculated force per crosssectional area is very dependent on an accurate value for tissue weight, errors in wet weight determination due to blotting procedures or cell hydration were evaluated by correlating tissue wet and dry weights. After blotting excess fluid on absorbant paper and immediately weighing, the strips, were placed in a drying oven at 70°C overnight. Preliminary measurements showed that the drying was essentially complete in 15 minutes. Dry weight as a function of wet weight is shown in Figure 1 . Water content was 79.6%, a value within the reported range (69.4 to 83.2%) for vascular smooth muscle (Altman and Dittmer, 1972) . The high correlation coefficient and near zero intercept (Fig. 1) indicate that the blotting procedure was highly reproducible and that calculated stress values were not overestimated as a result of artifactual underestimates of tissue wet weight. The aims of this study ideally required measurements of (1) the total number of attached crossbridges, and (2) the total number of activated crossbridges, whether attached or in the detached part of the cycle. The latter cannot be determined from mechanical measurements, nor can one assume that the total number of cycling bridges is directly proportional to force generation (see Results). Consequently, the protocols described below were designed to provide estimates of the total number of attached crossbridges, and their mean cycling rate during force development, as well as during steady state force maintenance.
During a quick-stretch of sufficient rate and magnitude, the contractile system of a muscle will transiently support a load greater than it can develop isometrically (Flitney and Hurst, 1978; Guth et al., 1978; Levin and Wyman, 1927; Seidel and Murphy, 1976; Sugi, 1972) . Preliminary studies showed that stretches of stimulated muscles exceeding 1.8% L o at 0.05 L o /sec always produced the maximum stress at which the contractile system yields, with a fall in stress before the stretch is complete. The peak stress is termed the load-bearing capacity (LBC) and is used as an index of the number of attached crossbridges in the muscle (Seidel and Murphy, 1976; Dillon, 1980) . Both LBC and active stress were corrected for the increased passive stress at 1.02 Lo.
An estimate of mean cycling rates was obtained by determination of the rate of force redevelopment following a step shortening of activated tissues. A length step of -15% L o was required to reduce force to zero during isometric contraction, due to the appreciable passive elasticity (series and parallel) of smooth muscle. Because of demonstrated regional inhomogeneity in cellular contraction at length, below 0.9 Lo in this tissue (Driska et al., 1978) , a smaller length step (-5.1 ± 0.5% SD LO) was used. This any estimate of the true contractile system shortening velocity under no load from the initial rate of force development. However, a simple index of cycling rates was obtained as the time required for the isometric force to recover by 50% (ti /2 ).
Paired comparisons were considered to be significantly different when Student's t-test yielded a P value of <0.05. An S-test for trend analysis was used to test changes in the mechanical indices during contraction (Noether, 1976) . Values are reported ± 1 SD.
Results
Properties of the contractile system are best described in a fully activated preparation. Agents (pharmacological, ionic, and electrical) produce contraction in smooth muscle by various mechanisms leading to Ca ++ influx into the myoplasm from both intracellular and extracellular pools. Few agonists can fully activate the contractile system, and the net response is often the result of a balance between opposing activation and inhibition mechanisms (B. Johansson and A.P. Somlyo, 1980) . Figure 2 illustrates the response of the carotid preparation to two types of stimuli which lead to higher force generation than attained with a variety of other agonists. The maximum active stress was much higher than reported for any other arterial smooth muscle, including "skinned" preparations, whose membrane is highly permeable to Ca ++ . The fact that both histamine and high K + utilize extracellular Ca ++ to activate the contractile system (Weiss, 1977) and produce the same response is consistent with maximum activation. Increased extracellular [Ca ++ ] above the normal value of 1.6 mM did not enhance the maximum histamine-induced response. However, large increases in extracellular Ca ++ levels with histamine (above 10 mM) or high K + (above 10 mM for prolonged responses) reduce the steady state force. This indicates that the membrane-stabilizing effect of Ca ++ (Bohr, 1963) may limit the activation produced by both agents. (Seidel and Murphy, 1976) . The yielding of the contractile system before completion of the 2% stretch is not apparent at this recording speed.
FIGURE 2. Stimulus-response curves for isometric active stress development ± I SD produced in four experiments by histamine in normal PSS (squares) and [Ca*+] in high K* PSS (circles).
Stretching did not damage the tissue, as subsequent contractile responses were not diminished after relaxation for 15 minutes and return to L o . Both LBC and active stress increased to a steady state value after 2-4 minutes of stimulation (Fig. 4A ) and remained stable for up to 1 hour before return to normal PSS. The ratio of LBC/active stress declined during tension development (Fig. 4B ) to a value of 1.6 ± 0.1 beyond 1 minute. The S-test for trends revealed a significant decline in LBC/active stress between 10 and 25 seconds (P < 0.005) (Fig. 4B) . Unstimulated tissues exhibited a resistance to the length step followed by stress relaxation. However, the peak valuẽ was proportional to the magnitude of the length step and no yield occurred during the stretch. Resistance arising from the low level of tone in unstimulated tissues is small compared with the resistance of the passive elements, and is not discernible. The LBC cannot be determined for unstimulated tissues with very low levels of activation. Figure 5 illustrates the procedure for measuring the rate of stress redevelopment following isometric quick release, from which qualitative estimates of crossbridge kinetics can be inferred. A rapid micrometer adjustment produced an average step shortening of 5.1 ± 0.5% L o and a fall in force to a value (F m j n ) which was independent of the rate of shortening (unless appreciably slower than used here). The constant length step at each time minimizes any length inactivation effect. Following the step, tension redeveloped to a final value (F max ) characteristic of the tissue's new position on the length-tension curve. As stress asymtotically approached F max , an attempt was made to estimate a rate constant for force redevelopment. However, logarithmic plots of the rate of stress redevelopment were biphasic, and determination of a steady state rate constant was not feasible. A simpler approach was to measure the time required (ti/2) to reach one-half of the redeveloped force (F max -F m j n ). The rate of stress redevelopment depended on when the length step was imposed during a contraction (Fig.  6) . Force development was slower in the control isometric contraction where the step-shortening was imposed prior to K + addition rather than after a release at 30 seconds due to the time required for K + to diffuse into the preparation and activate the contractile system. The rate of force redevelopment was most rapid after the step at 30 seconds and decreased thereafter. The level of active stress which was redeveloped was constant regardless of the rate of force redevelopment. The ti/2 value for force redevelopment after releases between 0.5 and 8 minutes had a significant positive correlation (P < 0.025) when the S-test for trends was calculated. 
Discussion
The results of this study on smooth muscle from the pig carotid artery show two surprising characteristics: a very high force generating capacity (Fig. 2) , and a marked dependence of the rate of force redevelopment on the duration of stimulation (Fig. 6) . Although mechanistic interpretations of mechanical data are compromised by the paucity of ultrastructural information on the contractile system, there is strong evidence that the basic sliding filament/crossbridge mechanism is operating in vertebrate smooth muscle (Johansson, B., 1978; Murphy, 1979) . In the discussion below, we suggest that the special characteristics of this tissue at least partially reflect a phenomenon not exhibited by viable skeletal muscle: the ability to form attached, non-or slowly cycling actinmyosin links in tonically stable, active muscle, as noted in resting (Siegman, 1976) and relaxing (Siegman, 1977 (Siegman, , 1980 smooth muscle.
This interpretation is based on the assumption that the LBC provides an estimate of the number of attached crossbridges. This assumption appears to be reasonable for a stimulated muscle in the steady state where the ratio of the LBC to active stress was 1.6 (Fig. 4) . This value is in good agreement with other estimates of the maximum stress the contractile system can bear relative to its developed force (1.4-2.0) in both skeletal (Levin and Wyman, 1927; Flitney and Hurst, 1978) and smooth muscle (Hellstrand and Johansson, 1975; Seidel and Murphy, 1976; Tameyasu and Sugi, 1976) . The LBC should provide a more accurate index of attached crossbridges during force development when the contractile system is stretching the series elastic elements, an expectation reflected in the high LBC/active stress values early in a contraction (Fig. 4B) .
While isometric measurements indicate that the contractile system is in a steady state after 2 minutes of stimulation with a constant number of crossbridges generating force or resisting strain (Fig. 4) , a dynamic estimate of crossbridge cycling rates shows continued change (Fig. 6) . The fall in the rate of force redevelopment with time may be explained in several ways. One possibility reflects an inability of the tissues to maintain ATP synthesis during a prolonged contraction with a fall in the ATP/ADP ratio and formation of rigor bonds. Such an explanation would be indicated by a change in the kinetics of the force development between closely spaced contractions, or over the course of a 24-hour experiment in which the tissue could be deteriorating. In fact, no such influences were detected, and a substantial number of studies show that it is extremely difficult to deplete the energy stores of smooth muscle unless metabolic inhibitors are employed (reviewed by Coburn et al., 1979) . A second explanation would be changes in the intracellular environment during the course of a contraction which affected crossbridge kinetics. Such changes might also be expected to become more pronounced during experiments lasting many hours. KCl-induced swelling (Jones et al., 1972) is an unlikely contributing factor (see Methods). A third possibility is an increase in internal load on the contractile system during the course of a tonic contraction. Strong support for such a phenomenon in the carotid media was provided by experiments showing a parallel fall in isotonic shortening velocities and myosin light chain phosphorylation during the course of contractions comparable to those described in this study (Dillon et al., 1981; Aksoy et al., 1982) . In the latter studies we suggested that decreases in crossbridge cycling rates, as estimated by isotonic shortening velocity (or isometric force redevelopment), results from the formation of attached, non-or slowly cycling crossbridges (latchbridges) by dephosphorylation of an attached crossbridge when Ca ++ was present. This hypothesis is subject to the criticism that a mechanical perturbation can influence the behavior of the muscle (Julian and Moss, 1976) . The importance of the results shown in Figure 6 is that isometric force redevelopment after a step shortening provides similar qualitative information about changes in contractile system function with time during a tonic contraction as does shortening velocity during an afterloaded contraction following an isotonic quick-release (compare with Aksoy et al., 1982) .
The active stress developed by the carotid media in response to histamine or high K + with elevated Ca ++ (4 X 10 5 N/m 2 ) exceeds that developed by mammalian skeletal muscle (1.5 -3.0 X 10 5 N/m 2 ) (Close, 1972) . After correction for 40% extracellular space in the carotid media (Herlihy and Murphy, 1973 ) and 8-14% in skeletal muscle (Close, 1972) , the difference in active stress is further exaggerated: 6.7 X 10 5 N/m 2 for the artery, compare to about 3.5 X 10 5 N/m 2 for skeletal muscle. The carotid tissue preparation provides mechanical data directly estimating cellular contractile function (Driska et al., 1978) . Apparently, the arterial contractile system is capable of generating twice the stress developed by the striated muscle sarcomere. This is accomplished with a cellular myosin (and potential crossbridge) content about 4-fold lower than that of skeletal muscle (Murphy et al., 1974) . It seems likely that structural features-such as longer thick filaments placing more crossbridges in parallel (reviewed in Murphy, 1979; )-contribute to high force generation. However, another factor could be the duration of the crossbridge duty cycle, defined as the fraction of the total cycle time that an individual crossbridge is in the attached, forcegenerating configuration. X-ray diffraction studies of living tissues (Armitage et al., 1972; Haselgrove and Huxley, 1973) , glycerol-extracted muscle models (Abbott, 1972: Pybus and Tregear, 1972) , and isolated contractile proteins (Eisenberg and Kielley, 1973) indicate that the duty cycle is fairly low in skeletal muscle (10-50%). At equilibrium in an isometrically contracting smooth muscle, the formation of attached, non-or slowly cycling crossbridges in the force-generating position would lead to a very high average duty cycle. Thus, a high force-generating capacity, as well as a decline in the rate of force redevelopment, would be consequences of the latchbridge hypothesis. It should be noted, however, that the duty cycle of (phosphorylated) cycling crossbridges may be very high in the carotid (see Krisanda and Murphy, 1980) . This may account for the observation that the forcegenerating capacity is not detectably increased by the formation of lactchbridges during prolonged contraction. An increase in cycle time without an increase in the duty cycle could account for a decreased rate of force redevelopment or velocity of shortening. The maintenance of constant tension and redevelopment of the same final F ma x, however, would force a complex and unlikely mechanism in which both the crossbridge attachment and detachment rates vary to virtually the same extent and over the same time course.
The properties of the arterial smooth muscle contractile system revealed by these mechanical studies are quantitatively and qualitatively different from those of striated muscle. However, they are highly appropriate for a contractile system functioning tonically against loads imposed by the blood pressure. The system can develop high stresses, transiently withstand even higher stresses, and tonically maintain an imposed force with remarkably low apparent crossbridge turnover rates. The latter property is corroborated by the low rates of energy utilization during tonic contractions (Gliick and Paul, 1977; Siegman et al., 1980) . 
